In humans, fetal erythropoiesis takes place in the liver whereas adult erythropoiesis occurs in the bone marrow. Fetal and adult erythroid cells are not only produced at different sites, but are also distinguished by their respective transcriptional program. In particular, whereas fetal erythroid cells express c-globin chains to produce fetal hemoglobin (HbF), adult cells express b-globin chains to generate adult hemoglobin. Understanding the transcriptional regulation of the fetal-to-adult hemoglobin switch is clinically important as re-activation of HbF production in adult erythroid cells would represent a promising therapy for the hemoglobin disorders sickle cell disease and b-thalassemia. We used RNA-sequencing to measure global gene and microRNA (miRNA) expression in human erythroblasts derived ex vivo from fetal liver (n ¼ 12 donors) and bone marrow (n ¼ 12 donors) hematopoietic stem/progenitor cells. We identified 7829 transcripts and 402 miRNA that were differentially expressed (false discovery rate <5%). The miRNA expression patterns were replicated in an independent collection of human erythroblasts using a different technology. By combining gene and miRNA expression data, we developed transcriptional networks which show substantial differences between fetal and adult human erythroblasts. Our analyses highlighted the miRNAs at the imprinted 14q32 locus in fetal erythroblasts and the let-7 miRNA family in adult erythroblasts as key regulators of stage-specific erythroid transcriptional programs. Altogether, our results provide a comprehensive resource to prioritize genes that may modify clinical severity in red blood cell (RBC) disorders, or genes that might be implicated in erythropoiesis by genome-wide association studies of RBC traits.
Introduction
The human fetal-to-adult hemoglobin (HbA) switch is a major developmental event occurring after birth. During this transition, HbA progressively replaces fetal hemoglobin (HbF) as the main hemoglobin produced by erythroblasts (1, 2) . HbF accounts generally for <1% of the total hemoglobin in healthy adults.
The b-chain of hemoglobin tetramers are mainly composed of c-and b-globin in fetal and adult RBCs, respectively (1, 3) . Sickle cell disease (SCD) and b-thalassemia are genetic disorders resulting from mutations at the b-globin gene (HBB) locus. These mutations normally do not affect HBG1/HBG2, which encode the c-globin chains. The most important modifier of severity for SCD and b-thalassemia is HbF: patients that naturally continue to produce high HbF levels have a longer life expectancy and suffer from fewer complications (4) . Re-activation of HbF is a highly promising therapy for the treatment of these blood disorders (1, 2) .
Loci associated with HbF levels have been identified through candidate-gene DNA sequencing, linkage scans, and genomewide association studies (GWASs). The association of this trait with variants at the HBB, BCL11A and HBSIL-MYB loci has been well replicated (5) (6) (7) (8) (9) . More recently, whole-genome sequencing in the Sardinian population has revealed an association with a rare intronic genetic variant in the NFIX gene, although this variant has not been replicated (10) . Genetic studies can help prioritize attractive therapeutic targets for HbF re-activation, but further functional characterization is needed to understand the role of these variants and genes on the regulation of HbF. For instance, variants act on BCL11A, a transcriptional repressor of HbF, by disrupting an erythroid developmental stage-specific enhancer of the gene (11) . At the HBS1L-MYB locus, HbFassociated variants act by modulating expression of MYB, resulting in erythroid differentiation defects (12) .
The fetal-to-adult erythropoietic developmental transition is marked by several transcriptomic changes. The adult erythroid transcriptional program is characterized by increased expression of BCL11A, CA1 and GCNT2 (13) (14) (15) . Studies have also implicated microRNAs (miRNAs) in the regulation of HbF production. Specifically, several members of the let-7 miRNA family are up-regulated in adult erythroblasts (16) (17) (18) (19) . Overexpression of LIN28A and LIN28B, which degrades let-7 miRNAs, leads to increased HbF levels (16, 20, 21) . miR-96 is up-regulated in adult reticulocytes and its overexpression inhibits c-globin gene expression (17) . Expression of miR-486 increases during erythropoiesis, and the mature miRNA generated from its 3p arm precursor directly targets BCL11A in erythroid cells (22) . Elevated HbF levels in partial trisomy 13 cases have been linked to additional copies of miR-15a and miR-16-1, which themselves modulate MYB expression levels (23) . Finally, elevated expression of miR-26b, miR-151-3p, miR-148a and miR-494 has been observed in SCD patients treated with the HbF-inducing agent hydroxyurea (24, 25) . In particular, overexpression of miR-26b in K562 cells increased c-globin gene expression (26) .
Given the paramount role that transcriptional regulation plays in the fetal-to-HbA switch in human erythrocytes and its direct implication for the development of therapies for the b-hemoglobinopathies, it is important to comprehensively describe and compare the transcriptome-including coding and noncoding RNAs-of fetal and adult human erythroblasts. Previous attempts were limited by the technology used (e.g. microarrays), the number of samples tested, or the absence of fetal erythroblasts in the final study design (17, 18, (27) (28) (29) (30) (31) (32) . Here, we performed RNA-and small RNA-sequencing (RNA-seq) of erythroblasts from 12 fetal and 12 adult samples from human donors. We validated the differential expression of 72 miRNAs by quantitative polymerase chain reaction (qPCR) in independent samples. The transcriptome of fetal and adult erythroblast captured known developmental stage-specific transcriptional events, and displayed substantial differences in terms of mRNA and miRNA expression. We confirmed that let-7 miRNA family members were predominantly expressed in adult erythroblasts. Conversely, the chromosome 14q32 miRNA cluster was substantially up-regulated in fetal erythroblasts, suggesting a novel role for this imprinted region in the regulation of the fetal erythroid transcriptional program.
Results

Fetal and adult erythroblasts have different transcriptomic profiles
We first measured global gene expression levels in erythroblasts from 12 fetal liver and 12 adult bone marrow human donors. We had previously described genome-wide DNA methylation patterns in these samples (33) . Principal component (PC) analysis of gene expression profiles recapitulated the erythroblast developmental stage (fetal versus adult, first PC ¼ 62% of the variance explained) and the sex of the donors (second PC ¼ 13% of the variance explained) (Fig. 1A) . In total, 3687 and 4142 transcripts were significantly [false discovery rate (FDR) < 0.05] upregulated in adult and fetal erythroblasts, respectively (Fig. 1B , Supplementary Material, Table S1 ). Of these, 1129 adult and 2000 fetal up-regulated genes had a fold change (FC) ! 2. As expected, adult b-globin (HBB) and fetal c-globin (HBG1/HBG2) were highly expressed, and both were DE in the expected direction (Fig. 1B-D , Supplementary Material, Table S1 ). Consistent with previous observations (33), we noted the unexpected expression of some of the globin genes in these ex vivo differentiated erythroblasts, such as the expression of the embryonic globin genes (HBZ and HBE) or the low-level expression of adult HBB in fetal erythroblasts (Fig. 1D , Supplementary Material, Table S1 ).
Genes marking the fetal-to-adult erythroid transition such as CA1 and GCNT2, as well as genes implicated in c-globin gene silencing such as BCL11A and SOX6, were up-regulated in adult erythroblasts ( Fig. 1B and C, Supplementary Material, Table S1 ). LIN28B was strongly up-regulated in fetal erythroblasts (log 2 FC
). LIN28B has been shown to regulate the expression and translation of IGF2, which is highly expressed in fetal hepatocytes supporting hematopoietic stem/progenitor cells (HSPCs) (16, 34, 35) . IGF2 (log 2 FC ¼ 1.9, P ¼ 5 Â 10 À5 ), as well as its binding partners IGF2BP1 (log 2 FC ¼ 9.1, P < 1 Â 10
À300
) and IGF2BP3 (log 2 FC ¼ 5.8, P < 3 Â 10
À267
) were also strongly upregulated in fetal erythroblasts (Fig. 1B and C, Supplementary Material, Table S1 ). Overexpression of IGF2BP1 in adult RBC progenitors increased HbF levels (36) . As expected given its role in erythroid cell proliferation, MYB was not differentially expressed (DE) (log 2 FC ¼ 0.08, P ¼ 0.54). An intronic variant of NFIX was recently associated with HbF levels in the Sardinian population (10) . This gene was up-regulated in adult erythroblasts (log 2 FC ¼ À1.5, P ¼ 5 Â 10
À31
). We had observed that CpGs near this gene show differential DNA methylation between fetal and adult erythroblasts, and its binding motif was enriched in differentially methylated regions (33) . We noted that two long non-coding RNA, MEG3 and H19, were also strongly up-regulated in fetal erythroblasts (P < 5 Â 10 À68 ) (Fig. 1B , Supplementary Material, Table S1 ). We detected the strong differential expression of the ubiquitin ligase NEURL1B (log 2 FC ¼ À8.3, P ¼ 5 Â 10
À112
) and the ubiquitin conjugating enzyme
), respectively up-regulated in adult and fetal erythroblasts ( Fig. 1B and C) . This supports an emerging role for protein degradation in erythropoiesis (37) .
By considering genes that are DE, we identified 75 and 29 biological pathways that were enriched (FDR < 5%) in fetal and adult erythroblasts, respectively (Supplementary Material, Table S2 ). Most of these pathways were not highlighted in a previous transcriptomic analysis of terminal erythroid differentiation (28) , suggesting that the transcriptomic differences observed here are more likely due to the developmental stage of the cells, as opposed to differences in their kinetics of differentiation. DE genes that were up-regulated in fetal erythroblasts were enriched in pathways such as Rap1 signaling (P ¼ 6 Â 10 Table S2 ). The cAMP pathway has been implicated in sustaining high levels of HbF (38) . In adult erythroblasts, up-regulated genes highlighted the adipocytokine signaling (P ¼ 2 Â 10
) and butyrate (P ¼ 8 Â 10 À6 ) and fatty acid metabolism (P ¼ Table S2 ). Mutations in genes that lead to Fanconi anemia are associated with increased HbF levels (39, 40) . Moreover, short-chain fatty acids, like butyrate, induce HbF synthesis (41) , and butyrate has been used in a phase 2 clinical trial to re-activate HbF production in SCD patients (42) .
The 14q32 miRNA cluster is up-regulated in fetal erythroblasts
We next carried out the first comprehensive survey of miRNAs expressed in human erythroblasts by sequencing small RNAs in all 24 erythroblast samples. We measured expression of 1, 481 known miRNAs and identified 214 novel miRNAs based on in silico predictions from the miRDeep2 software (Supplementary Material, Tables S3 and S4) (43) . PC analysis of miRNA expression captured cell type (first PC ¼ 68% of the variance explained) ( Fig. 2A) . In total, 139 and 263 miRNAs were up-regulated in adult and fetal erythroblasts, respectively (Fig. 2B , Supplementary Material, Table S3 ). Among the DE miRNAs, a few had previously been implicated in erythropoiesis: miR96-5p, miR-15a and miR-16-1 were up-regulated in adult erythroblasts, whereas miR-26b-3p and mir-494-3p were significantly up-regulated in fetal erythroblasts (Supplementary Material, Table S3 ). miR-486-5p was the most expressed miRNA in both fetal and adult erythroblasts, contributing $34% of all reads mapping to mature miRNAs (Fig. 2B ). This miRNA is regulated by the erythroid master regulator GATA1 and its expression increases during erythropoiesis (44) . Members of the let-7 miRNA family, which are expressed during the adult-stage erythroid program, represented the most up-regulated family of miRNAs in adult erythroblasts (Fig. 2B-D Table S3 ) (16, 18) . The let-7 miRNAs contributed 6.8 and 1.5% of all reads mapping to mature miRNAs in adult and fetal erythroblasts, respectively. When mapping each mature miRNA to the genomic position of their precursor sequences, we found that the large miRNA cluster in the chromosome 14q32 imprinted region was strongly up-regulated in fetal erythroblasts (Fig. 2D,  Supplementary Material, Fig. S1 ). The most significant miRNA of this locus was miR-381-3p (log 2 FC ¼ 8.
). These 14q32 miRNAs contributed 1.4% of the total reads mapping to mature sequences in fetal erythroblasts, whereas they contributed to only 0.005% of reads in adult-stage cells. Although we identified a sub-group of 14 miRNAs that share a highly similar motif (ACAACAGG) (Supplementary Material, Fig. S2 ), most of the 77 up-regulated 14q32 miRNAs do not share a seed sequence (first 2-7 nucleotides) and therefore likely target multiple genes.
We took advantage of an independent qPCR dataset of miRNAs measured in three fetal and three adult erythroblast samples to validate our miRNA RNA-seq results (see 'Materials and Methods' section). Of 202 miRNAs that were DE in our RNAseq analysis and tested in the smaller qPCR experiment, 72 showed a consistent and nominally significant differential expression pattern (one tailed P < 0.05), and 160 miRNAs were upregulated in the expected cell type (binomial P ¼ 2 Â 10
À17
). There was a significant correlation between the miRNA expression FCs of both assays (fetal versus adult, Pearson's correlation Fig. 3A) . miRNAs consistently upregulated in adult erythroblasts in both datasets were overrepresented by the let-7 miRNA family (7/14, one-tailed Fisher's exact test P ¼ 0.01), whereas miRNA up-regulated in fetal erythroblasts were predominantly from the chromosome 14q32 imprinted locus (36/58, one-tailed Fisher's exact test P ¼ 0.02) (Fig. 3B, Supplementary Material, Table S5 ). Altogether, the qPCR experiment in a limited number of human erythroblast represents a strong and independent validation of our miRNA RNA-seq results.
Integration of miRNA and mRNA expression data miRNA can modulate gene expression by inhibiting translation and promoting the degradation of their target genes. Accordingly, it should be possible to identify pairs of miRNA-gene in which both are DE, but in the opposite direction. In other words, we looked for miRNAs that are up-regulated in adult or fetal erythroblasts, and anti-correlated with their target genes in the same cell type. We linked miRNAs to their target genes using an aggregated list of validated and predicted miRNA-target interactions (see 'Materials and Methods' section). Using the information in Supplementary Material, Table S6 , simple queries can identify which DE miRNAs target which genes, or which DE genes are targeted by which miRNAs. We found 18 and 34 adult and fetal upregulated miRNAs that were enriched for down-regulated targets (hypergeometric test FDR < 0.05; Fig. 4 , Supplementary Material, Table S7 ). Of the 18 adult-stage miRNAs, ten were from the let-7 miRNA family-an enrichment since only 15 of the 106 adultstage miRNAs included in this analysis were from the let-7 miRNA family (Fisher's exact test P ¼ 0.0003). This highlights the importance that this family of miRNA plays in the adult erythroid program. Another adult-stage enriched miRNA, miR-96-5p, is an inhibitor of c-globin gene expression (17) . In fetal erythroblasts, 25 of the 34 up-regulated miRNAs belong to the 14q32 miRNA cluster (Fisher's exact test P ¼ 6 Â 10
À5
). Moreover, seven of these fetalstage miRNAs were predicted to target BCL11A, including miR-381-3p-the most significantly up-regulated miRNA in fetal erythroblasts (Fig. 2B-D) .
In the previous section, we identified DE miRNAs that target more DE genes than expected by the null hypothesis. To complement that analysis, we also explored whether some DE genes were enriched targets of DE miRNAs. We found 27 adult-and seven fetal-stage down-regulated genes that were targeted more often by DE miRNAs than what was expected by chance (FDR < 0.05, Table 1 ). The higher number of adult-stage down-regulated genes was again due to the over-representation of let-7 miRNAs, which often target the same genes. Indeed, 26 of these 27 adultstage down-regulated genes were targeted by at least one let-7 miRNA family member (Supplementary Material, Table S7 ). The most enriched target gene that was down-regulated in fetal erythroblasts was TRPS1 (P < 1 Â 10
À4
), a transcriptional repressor that specifically binds GATA sequences (45) . BCL11A was a potential target of 17 fetal up-regulated miRNAs, but was only nominally enriched (P ¼ 0.01, q-value ¼ 0.18).
Discussion
In summary, gene expression patterns of fetal and adult human erythroblasts largely capture cell type specificity. Using comprehensive RNA-seq, we found >7800 transcripts that are DE between fetal and adult erythroblast. In comparison with previous transcriptomic studies (17, 18, (27) (28) (29) (30) (31) (32) , we identified a larger number of DE genes between fetal and adult human erythroblasts because of our larger sample size, allowing us to detect more accurately small difference in gene expression levels. DE genes include known genes associated with erythroid developmental stages, and are enriched in pathways that have been implicated in HbF production. We also found 139 and 263 miRNAs that are up-regulated in adult and fetal erythroblasts, respectively. For the vast majority of these miRNAs, our study is the first to report their differential expression in human erythroblasts. Finally, we used computational approaches to integrate mRNA and miRNA sequencing to create co-expression networks in erythroid cells.
To our knowledge, we are the first to report up-regulation in human fetal erythroblasts of miRNAs (Fig. 2B ) and long noncoding RNAs (MEG8) that map to the imprinted region on chromosome 14q32. Uniparental disomy (UPD), that is the aberrant expression of imprinted genes at the 14q32 locus, is responsible for the Temple [UDP14(maternal), MIM no. 616222] and KagamiOgata [UDP14(paternal), MIM no. 608149] syndromes. Both of these syndromes are characterized by impaired intrauterine development, growth issues following birth, and reduced survival (46, 47) . Hematopoietic defects have not been reported in UPD14 patients, and it is unclear what might be the roles that small and long non-coding RNAs encoded at the 14q32 locus have in fetal erythropoiesis. Epigenetic dysregulation at 14q32 has been linked to tumorigenesis, including lung cancer and osteosarcoma (48, 49) . Interestingly, loss of heterozygosity analyses of this locus in acute lymphoblastic leukemia has revealed that a reduction of the expression of the miRNAs located at 14q32 is associated with increased expression of BCL11A (50) . If this observation translates from lymphocytes to erythroid cells, we can hypothesize that one important role for the miRNAs at 14q32 in fetal erythroblasts is to reduce or block BCL11A expression and allow HbF production. Thus, modulating the 14q32-controlled transcriptional dynamics in erythroblasts might represent an interesting strategy to re-activate HbF production. To understand how gene expression is developmentally regulated at 14q32, we retrieved Hi-C and epigenomic annotations for this locus from fetal and adult erythroblasts (Supplementary Material, Fig. S3) (32,51) . Hi-C data can be used to partition the genome of erythroid cells between A (open chromatin) and B (repressive chromatin) compartments. Chromatin compartments at 14q32 seem to switch in the expected A-to-B direction between fetal and adult erythroblasts (see PC1 and D.I. in Supplementary Material, Fig. S3 ). When we focus on histone tail marks at the locus, we find that there is a group of erythroid enhancers near the cluster of DE 14q32 miRNAs and genes, and that these enhancers seem more active (as evidenced by increased H3K4me1/me2, H3K9ac, and H3K27ac histone tail marks) in fetal erythroblasts (Supplementary Material, Fig. S3 ). In addition, we note stronger Hi-C contacts between these erythroid enhancers and the 14q32 miRNA cluster in fetal erythroblasts. Genome editing experiments of these erythroid enhancers may yield interesting insights into how miRNAs and genes at 14q32 impact fetal erythropoiesis.
GWAS have identified hundreds of variants associated with RBC indices, including HbF (52-54). Most of these variants fall within non-coding regions, and therefore likely modulate phenotypic variation by regulating gene expression specifically in RBCs (55) . Our comprehensive transcriptomic analyses of fetal and adult human erythroblasts provide a critical resource to link together variants associated with erythrocytes indices and gene expression, facilitating the identification of causal genes at these GWAS loci. Further, our comparison of transcriptomes from fetal and adult human erythroblasts highlight several genes and biological pathways, including DE miRNAs at the 14q32 locus, that could be functionally characterized for a potential role in the fetal-to-HbA switch. Our results could impact our strategies to develop new therapies in order to re-activate HbF production in SCD and b-thalassemia patients.
Materials and Methods
Differential gene expression analysis
We differentiated erythroblasts from HSPCs as previously described in (15, 33) . We purchased human fetal (fetal liver, N ¼ 12) and adult (bone marrow, n ¼ 12) CD34þ HSPCs from DV Biologics and Lonza, respectively. We also described the RNA extraction and RNA-seq protocols elsewhere (33, 55) . Briefly, we performed RNA-seq with an Illumina HiSeq2000 sequencer using a stranded cDNA library and a paired-ends 100-bp protocol. We mapped reads to the genome (hg19) using Tophat2 (v.2.0.9, with optionslibrary-type fr-firststrand -microexon-search -coverage-search) (56) . Per gene read counts were obtained using htseq-count (v. 0.6.0, with options -f bam -r name -s reverse -t exon -i gene_id) on Ensembl gene sets (release 75). We tested differential expression of genes using the R package DESeq2 (v.1.12.4) (57). For visualization, we calculated Fragments Per Kilobase per Million mapped reads (FPKM) using DESeq2's fpkm function and Ensembl General Transfer Format file release 75 (hg19). Data are available from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) repository (accession number: GSE90878).
Differential miRNA expression analysis
We performed RNA-seq of small RNAs on an Illumina HiSeq2000 sequencer using a cDNA library with a single-end 50-bp protocol (TruSeq small RNA library kit). We removed adapter sequences using the fastx-clipper tool (v.0.0.14). We removed reads that mapped to ribosomal genes using bowtie (v.1.0.0, with options -n 0 -S -best -chunkmbs 200). We mapped reads to both mature and precursor miRNA sequences from miRBASE release 21 using mirDeep2 (v.0.0.5) (43) . We considered potentially novel miRNA with a mirDeep2 score >3, which had an estimated 88 6 2% true positive probability. We tested differential expression of miRNAs using the R package DESeq2 (v.1.12.4) (57). We looked for motif enrichment in the first nine nucleotides of miRNAs using MEME (MEME suite 4.12.0) (58) . Data are available from the NCBI GEO repository (accession number: GSE90878).
Enrichment analyses
To identify miRNA that were enriched for DE target genes, we downloaded for each miRNA all validated targets and the top 35% predicted targets using multiMiR (v.2.1.1) (59). We only considered miRNA-target pairs that were either functionally validated in at least one resource or that were predicted in at least three databases out of the 11 databases that we queried (miRecords, miRTarBase, TarBase, DIANA-microT-CDS, ElMMo, MicroCosm, miRanda, miRDB, PicTar, PITA and TargetScan). For each miRNA, we counted how many target genes were both DE between fetal and adult erythroblasts and had their expression levels inversely correlated with the miRNA expression levels (Pearson's correlation tests, FDR < 0.05). We calculated statistical enrichments using hypergeometric tests.
In addition, we evaluated if DE genes were overrepresented in miRNA targets by assessing how many times each gene was targeted by a DE miRNA. Since the number of miRNA targeting a specific gene was often small, we permuted miRNA DE labels 10 000 times to assess significance. We counted the number of times a gene was targeted by more DE miRNAs in permutations than what was observed, and derived an empirical P-value by calculating the ratio of this value over the total number of permutations. We restricted this analysis to genes targeted by at least 10 miRNAs with a FC >2. We used the Generally Applicable Gene-set Enrichment (v.2.22.0) method to calculate the enrichment of Kyoto Encyclopedia of Genes and Genomes (57, 60, 61) .
miRNA qPCR validation
We differentiated erythroblasts from HSPCs from the fetal liver (n ¼ 3) or the bone marrow (n ¼ 3) as previously described in (15) . We measured expression using a TaqMan Low Density Array covering 768 different miRNAs (ThermoFisher Scientific). We derived expression levels using the 2 ÀDDCt method (62). We tested for differential expression using a one-sided t-test on the DDCt values for 202 miRNAs that were found to be DE in the RNA-seq dataset. miRNAs with differential expression onetailed P < 0.05 in the consistent direction were considered as replicated.
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